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Abstract 
This work deals with the assessment of thermocline heat storage performances when applied to solar thermal plants. The 
considered thermocline is based on molten salt heat transfer fluid (Solar Salts between 300°C and 550°C) and filled with 
quartzite. A 2-D finite element heat transfer model is developed to determine the temperatures inside the vessel with mass flows 
input/output. The model includes heat conductivity of molten salt and quartzite rocks, heat transfer between the molten salts and 
the quartzite, as well as heat loss to the environment. Results of the model are compared to available experimental data as well as 
analytic results showing good agreement. Then, the thermocline storage with the performances predicted by the 2-D code was 
integrated in a CSP plant previously modelled with the two-tank TES system. Plant management is kept equal to the two-tank 
configuration. A performance index is introduced to make a consistent comparison between the thermocline and the two-tank 
system: storage efficiency is defined as the heat withdrawn from the storage above 545°C divided by the overall input in the 
storage. The defined index is equal to 100% for the two tank system as thermal losses have a negligible impact. On the contrary, 
in thermocline storage, part of heat stored in the molten salt is in the thermocline region and this molten salt is not accounted as 
useful. The thickness of the thermocline is about 4 to 6 meter height out of 14 meters making the storage performances in the 
range of 65%, hence significantly lower than in two-tank configuration. A sensitivity analysis on tank size and tank shape factor 
is performed to assess the optimal configuration for the thermocline. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer review by the scientific conference committee of SolarPACES 2013 under responsibility of PSE AG. 
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1. Introduction 
The research in the exploitation of renewable resources can be the answer to the issues related to greenhouse 
gases. Concentrated solar power (CSP) is a promising technology which exploits solar radiation to supply 
© 2013 G. Manzolini. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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electricity. An interesting feature of those plants is the thermal energy storage (TES) which allows producing 
electricity decoupled from the solar availability. Since the thermal energy storage is responsible of about 20% of the 
cost of the entire CSP plant, a cost reduction would be advantageous making larger storages convenient, with 
benefits electricity cost wise [1]. Between the possible TES configurations, direct storage of molten salt in 
thermocline vessels is characterized by lower investment cost than state-of-art two-tank systems (for example, the 
two-tank systems of Andasol, SEGS I and Gemasolar CSP plants) [1] [2] [3] [4]. Molten salt thermocline TES 
systems are less expensive for two reasons. First, the number of storage vessels is reduced. Second, the vessel is 
filled with a low-cost packed bed, which acts as primary thermal energy storage. It has been assessed that the 
thermocline has an investment cost up to 33% lower than a two-tank system with the same energy capacity [2]. 
Unfortunately, thermocline TES system is characterized by lower discharge efficiency than the two-tank system. 
In the vessel, hot and cold molten salt are in contact and a thermal gradient is present along the axis of the tank; this 
thermal gradient is called "thermocline” (Figure 1). If the thermocline had infinitesimal thickness, thermal 
stratification would be perfect. 
 
 
Figure 1: Sketch of thermocline thermal energy storage 
Nomenclature 
 
cp  specific heat capacity, J kg-1 K-1 
D  vessel diameter, m 
Dpb  average packed bed rock diameter, m 
H  vessel height, m 
h  heat transfer coefficient, W m-2 K-1 
hv  volumetric heat transfer coefficient,Wm-3 K-1 
k  thermal conductivity, W m-1 K-1 
Pe Péclet number 
Pr  Prandtl number 
r  radius, m 
Re  Reynolds number 
t  time, s 
tcharge time at which the vessel is being charged, s 
tdischarge time at which the vessel is being charged, s 
T  temperature, K 
Tn  nominal temperature, K 
Tr  reference temperature, K 
Tt  threshold temperature, K 
TH  temperature at the top port of the vessel, K 
TL  temperature at the bottom port of the vessel, K 
um  velocity before the packed bed, m s-1 
 
 
u  velocity, m s-1 
z  location along the axis of the tank, m 
zt  z at which T=Tt, m 
 
Greek 
ε  porosity in the packed bed region 
η  efficiency 
μ  viscosity, kg m-1 s-1 
ρ  density, kg m-3 
 
Subscripts 
eff   effective 
ms  molten salt 
pb  solid filler, packed bed 
ss  Solar Salt 
sto  stored 
with withdrawn 
 
Acronyms 
CSP concentrated solar power 
HTF heat transfer fluid 
TES thermal energy storage 
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In this work, molten salt temperature ranges between 300°C and 550°C and molten salt at 550°C coming from 
the solar field is directly stored at the top of the thermocline (direct storage). When collected heat at the solar field is 
not sufficient to drive the power block, molten salt is withdrawn from the top of the tank. The temperature at the 
output port of the thermocline is steadily 550°C until the thermal gradient reaches the top of the tank. At this point, 
the output temperature starts to drop. On the other hand, the output temperature of two-tank storages is steadily 
550°C. The aim of the present work is the assessment of the performance of thermocline TES system together with 
the research on some parameters which may affect its storage efficiency. 
2. Model development 
2.1. Hypothesis 
A finite-difference numerical model is developed to predict the performance of the thermocline. Assumptions 
made are: 
 
The filler is assumed to be isotropic, homogenous and continuous. The physical properties of the packed bed are 
assumed to be constant (see Table 1), while those of the molten salt are temperature dependent. The chosen molten 
salt is Solar Salt with properties taken from [5]. This correlation are valid in the studied temperature range (T in °C): 
 
Density [kg/m3] ߩ௦௦ ൌ ʹͲͻͲ െ Ͳǡ͸͵͸ ή ܶ 
Heat capacity [J/kgK] ܿ௣ೞೞ ൌ ͳͶͶ͵ǡʹ െ Ͳǡͳ͹ʹ ή ܶ 
Viscosity [݉ܲܽ ή ݏ] ߤ௦௦ ൌ ʹʹǡ͹ͳͶ െ Ͳǡͳʹܶ ൅ ʹǡʹͺͳ ή ͳͲିସܶଶ െ ͳǡͶ͹Ͷ ή ͳͲି଻ܶଷ 
Thermal conductivity [W/mK] ݇௦௦ ൌ ͲǡͶͶ͵ ൅ ͳǡͻ ή ͳͲିସ ή ܶ 
 
x Viscous effects and vortex are considered as secondary and negligible [5]. 
x Molten salt flow through the packed bed is one-dimensional, laminar and aligned with the tank axis [5]. Hence, 
no radial velocity is considered. 
x The heat transfer problem is considered to be 2D, axisymmetric. 
x Thermal diffusion is accounted only in the molten salt energy equation by an effective thermal conductivity: this 
coefficient is a combination of the thermal conductivity of the molten salt and of the thermal conductivity of the 
packed bed. 
2.2. Fundamental equations 
The numerical model is developed from three fundamental equations. Schumann equations (eq. (1)(2)- (3)), 
which accounts for energy yield of the molten salt and the packed bed [6], and mass conservation (eq.(1)). Molten 
salt velocity is defined as in eq. (4). 
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(2) 
 
 (3) 
 
ݑ௠ ൌ ߝ ή ݑ (4) 
 
keff is the effective thermal conductivity of the molten salt and the packed bed, exponential averaged, [5]:  
 
݇௘௙௙ ൌ ݇௠௦ఌ ൅ ݇௣௕ଵିఌ (5) 
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hv is the volumetric heat transfer coefficient. Xu et al [5] compare several relationships for the evaluation of hv. 
According to their research, the following formula is chosen (eq. (6)) [5] [7]. This equation has no particular 
Reynolds or Prandtl numbers limitation. 
 
݄௩ ൌ ͸ ή ቆʹ ൅ ͳǡͳ כ ܲݎ௠௦
ଵ
ଷ ή ܴ݁ௗ଴Ǥ଺ቇ ή
݇௠௦
ܦ௣௕ ή
ͳ െ ߝ
ܦ௣௕  (6) 
 
For the detail on these correlations, it can be referred to books such as “Heat transfer in packed beds” [8] or the 
paper of Xu [5]. 
2.3. Boundary conditions and discretization 
The boundary conditions imposed are:  
 
x డ்డ௥ቚ௥ୀ଴ ൌ Ͳ at the center of the tank, because of symmetry considerations,  
x డ்డ௥ቚ௥ୀோ ൌ ൫݄௙௥௘௘ ൅ ݄௙௢௥௖௘ௗ൯൫ܶ െ ௜ܶ௡௙൯ ൅ ߝߪሺܶସ െ ௜ܶସሻ: free and forced convection plus radiation to the environment, x ݑሺݖ ൌ ܪሻ ൌ ݑሺݐሻ: axial velocity (and hence, mass flow rate charged/discharged) imposed at the top port, 
x డ்డ௭ቚ௭ୀ଴ǡ௭ୀு ൌ Ͳ: the top and the bottom of the tank are adiabatic. 
 
In the energy yield equation of molten salt, time is discretized with an implicit downwind-differencing scheme, 
thermal diffusion with a centred-differencing scheme and advection with an upwind-differencing scheme. In the 
energy yield equation of the packed bed, time is discretized with an implicit-differencing scheme. For mass 
conservation equation, an implicit-differencing scheme is applied for time, and an upwind-differencing scheme for 
space. The model is implemented in Matlab and simulations are run until residuals become lower than 10-5. A time 
step length of 10s, 400 axial nodes and 10 radial nodes are used for the simulations. These time step length and 
mesh dimension guarantee that the solution is not mesh dependent. 
2.4. Experimental validation 
The numerical model is compared to the experimental data published by Pacheco [2]. Also, the model is 
compared to the numerical model previously developed by Garimella; the same storage specifications, molten salt 
flow rate and environmental characteristics are assumed [10].  
 
 
 
                  (a) (b) d 
Figure 2: (a) Pacheco experimental data [2] (dashed red lines) compared to Garimella's model [10] (solid black lines);  
(b) Pacheco experimental data [2] (dashed red lines) and the new developed model (solid black lines) 
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Estimated temperature distribution (Figure 2-b) well accords with both Garimella’s model (Figure 2-a) and 
Pacheco’s data (dashed lines) (Figure 2-b) [10] validating the numerical model developed in this work. 
3. Results 
3.1. Definition of efficiency indicators 
Real data of a CSP plant of 50 MW power output with molten salt as both the heat transfer fluid and storage 
medium featuring Andasol plant are assumed [11]. TES storage was managed in order (i) to limit the number of 
start-up/shut-down of the power plant, hence compacting the operating hours and (ii) to produce the electricity 
during the day when the demand from the grid is higher. Therefore, the storage is not emptied during night time, but 
part of the energy is used in the first hours of the morning.   
The two-tank TES of this CSP plant is replaced with a thermocline with the same thermal capacity, keeping the 
same management. To properly compare the two energy storing technologies it is necessary to define:  
1. A reference temperature: for the sake of simplicity it was chosen the lower value of the temperature range 
of the molten salt (Tr=300°C). 
2. A threshold temperature which clearly identifies the high temperature region in the storage (ݖ௧ ൏ ݖ ൏ ܪ, 
where zt is the level of the tank where T=Tt) and the thermocline region in the tank: it was chosen 
Tt=545°C, which is a technically acceptable approximation of the nominal operating temperature. 
3. Molten salt mass flow rate withdrawn from the tank is considered as positive, while the molten salt mass 
flow rate stored in the vessel is assumed as negative (sign convention). 
4. Discharge efficiency and collection efficiency were selected as indicators to make a consistent comparison 
between the thermocline and the reference two-tank system. 
 
Part of the salt stored in the thermocline is at an average temperature between the maximum and the minimum, 
which differs from the two-tank systems, where molten salt are steadily withdrawn at nominal temperature. To make 
a consistent comparison with the two-tank system, salt withdrawn at a temperature below the threshold temperature 
is not accounted as “useful”.  
The discharge efficiency is defined as the ratio of the “useful” heat provided to the power block and the total 
amount of heat available (see eq. (7)). As useful, it is assumed the heat extracted from the molten salts with a 
temperature above the threshold temperature (Tr < TH < Tn) to the reference temperature of 300°C. The Heaviside 
function H(TH-Tt) is added to neglect the heat from salt withdrawn at a temperature below the threshold temperature 
Tt. The denominator is the total heat extracted from the molten salts from the beginning (0) to the end of the 
simulated period (tend). In this work, the evaluated period of time is a week. Since the integration has to be 
performed only when the tank is being discharged, the Heaviside function H( ሶ݉ ௦௦) is added and only positive mass 
flow rates (i.e. the withdrawn molten salt) are effectively integrated. 
 
ߟௗ௜௦௖௛ ൌ
׬ ሶ݉ ௦௦ܿሺ ுܶሺݐሻ െ ௥ܶሻ  ή ሾܪሺ ሶ݉ ௦௦ሻܪሺ ுܶ െ ௧ܶሻሿ݀ݐ௧೐೙೏଴
׬  ሶ݉ ௦௦ܿሺ ுܶሺݐሻ െ ௥ܶሻ ή ሾܪሺ ሶ݉ ௦௦ሻሿ݀ݐ௧೐೙೏଴
  (7) 
  
It is observed that discharge efficiency is closely related to the extension of the thermal gradient within the 
vessel.  
Collection efficiency is defined, in a similar manner, as the heat effectively stored in the vessel on the total 
thermal energy collectable at the solar field (eq. (8)). The presence of the thermocline can lead to a higher 
temperature at the solar field inlet: when the thermal gradient (the thermocline) reaches the bottom of the vessel, 
solar salts are extracted at higher temperature from the tank, leading to partial defocusing of concentrators at the 
solar field, with consequent penalties. Since the integration has to be performed only when the thermocline is being 
charged, the Heaviside function H(െ ሶ݉ ௦௦) is added and only negative molten salt mass flow rates (i.e. the stored 
molten salt) are effectively integrated. 
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ߟ௖௢௟௟ ൌ ͳ െ
׬ ȁ ሶ݉ ௦௦ȁܿሺ ௅ܶሺݐሻ െ ௥ܶሻܪሺെ ሶ݉ ௦௦ሻ݀ݐ௧೐೙೏଴
׬ ȁ ሶ݉ ௦௦ȁܿሺ ௡ܶ െ ௥ܶሻܪሺെ ሶ݉ ௦௦ሻ݀ݐ௧೐೙೏଴
   (8) 
 
If the temperature TL at the bottom port was steadily 300°C, all molten salt would be effectively stored; indeed, 
numerator of eq. (8) would be null and collection efficiency would be 100%.  
The product of collection efficiency and discharge efficiency (eq. (9)) represents the overall storage efficiency. 
 
ߟ௦௧௢ ൌ ߟ௖௢௟௟ כ ߟௗ௜௦௖௛ ൌ
׬ ሶ݉ ௦௦ܿሺ ுܶሺݐሻ െ ௥ܶሻ  ή ሾܪሺ ሶ݉ ௦௦ሻܪሺ ுܶ െ ௧ܶሻሿ݀ݐ௧೐೙೏଴
׬ ȁ ሶ݉ ௦௦ȁܿሺ ௡ܶ െ ௥ܶሻܪሺെ ሶ݉ ௦௦ሻ݀ݐ௧೐೙೏଴
  (9) 
  
Discharge efficiency and collection efficiency are always equal to 100% for two-tank systems, while they are 
always below 100% for the thermocline storage. 
3.2. Replacement of the two-tank storage with a similarly sized thermocline 
Simulation is run on one week: 9th – 15th July. At first, the 7.5h two-tank TES system is replaced by thermocline 
storage of the same energy capacity. Main assumptions of the simulation are presented in Table 1.  
 
  Table 1: Assumptions 
Thermocline tank assumptions  
Molten salt and filler Solar Salt; Quartzite rock + silica sand 
Physical properties Molten salt: temperature dependent; Filler: Constant (ρ=2500kg/m3, cp=830 J/kgK [10]) 
Molten salt temperature range 300 °C – 550 °C 
Full-load capacity 7.5 h 
Tank height and diameter 14 m x 23,7 m 
Wall structure 0,3 m of firebricks (k = 0,2 W/mK); 0,04 m of stainless steel (k = 20 W/mK); 0,15 m of mineral 
wool  (k = 1 W/mK) 
Other assumptions  
Temperature of external environment 25 °C 
Week 09th -15th July 
T threshold 545°C 
Pgross of the power block 50 MW 
 
Concerning initial thermocline conditions, an initial arbitrarily temperature is set in the tank. Afterwards, 
simulations are performed for 3-5 days until temperature stabilize and become cyclic. At this point, simulation on 
the desired week is run (9th – 15th July). Energy balances of the solar plants are presented in Figure 3. The weather is 
sunny the whole week, but on the afternoon of 13th July and on 15th July when some clouds partially cross the sky. 
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Figure 3: Energy yield on 09th – 15th July 
Temperature profiles of the thermocline storage are presented for a typical day: 10th July (Figure 4-a). At 00:01, 
the power block is on and molten salt are withdrawn (Figure 4-b). At 1:30, the power block is turned off and 
withdrawing is stopped; molten salt at the top of the tank is still above the threshold temperature of 545°C. The plant 
remains switched off until 4:30 with a slight expansion of the thermal gradient region. At 4:30, molten salt is again 
withdrawn to warm up and switch on the power block. Withdrawing continues until 8:30, when solar radiation 
becomes enough intense to drive the power block at nominal power. During this period, the output temperature has 
dropped down to about 450°C. This has negative effect on power block management as well as efficiency. From 
8:30 to 18:30, extra thermal power is available at the solar field and it is stored in the tank. At 18:30, the tank is 
almost fully charged of hot molten salt and the temperature at the bottom port of the vessel is as high as 370°C. In 
this case some mirrors of the solar field are placed in stowed position to avoid overheating of the solar field and 
some available radiation is not collected: collection efficiency drops. During night-time, withdrawing of energy 
continues beyond 24:00.  
 
 
    (a)     (b) 
Figure 4. (a) Temperature distribution on 10th July in the thermocline at several moments of the day (b) energy yield on 10th July. 
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These results show that the optimal configuration for the two tank storage is different from the thermocline case: 
the power block is switched on too early in the morning and the storage does not manage to supply enough thermal 
power to drive it at nominal power from 4:30 to 8:30. Moreover, the thermocline reaches quickly the top of the tank. 
As a result, temperature drops and the power block must work at partial loads.  
The 7,5h thermocline shows collection efficiency of 90.9% and discharge efficiency of 70.6%. Hence, overall 
storage efficiency is just 64.2% (Figure 5). This means that the thermocline supplies only 64.2% of molten salt at the 
nominal temperature, while the original 7.5h two-tank system was able to supply 100% of molten salt at nominal 
temperature. However, a portion of the molten salt withdrawn below 545°C is still useful for thermoelectric 
conversion (highlighted in red at Figure 5) which takes place at partial loads.  
 
 
Figure 5: Performance comparison between two-tank storage and thermocline storage 
3.3. Optimal thermocline size 
It is found that overall efficiency can be improved by changing the storage size. It is known that stratification is 
improved in tanks with high aspect ratio H/D (height over diameter) [10] [12]. The height of the tank is fixed to 14 
meters, which is assessed to be the technical limit for molten salt tanks [2], and the size of the storage is determined 
by changing the diameter of the vessel. 
Interestingly, there is a trade-off between discharge efficiency and collection efficiency. In little tanks, 
thermocline is very steep, thermal stratification is good and discharge efficiency is high. This is because the vessel is 
fully charged by hot molten salt and there is no thermal gradient within the tank. When discharge begins, a new 
steep thermocline is formed in the vessel, which gives high discharge efficiency. Most of withdrawn energy is 
extracted at temperature above 545°C.  
At the same time, little tanks are quickly filled with hot molten salt and many mirrors of the solar field must be 
defocused soon. So, much energy is wasted and collection efficiency is poor. For example, a little 4h thermocline 
has a high discharge efficiency of 80.5% but little collection efficiency of 59.7% (Figure 6). As the tank is larger, 
thermocline is more extended and discharge efficiency decreases. It is interesting to note that for big tanks, such as 
the 9h or the 11h, collection efficiency is in the range 92-94%. It does not reach 100% because even in those tanks 
the thermocline occasionally reaches the bottom of the tank during charge process. When this occurs, molten salt 
leave the tank at temperature above 300°C, some mirrors are placed in stowed position and collection efficiency 
decreases. 
As a result, the 6h tank is the optimal tank size which maximizes the amount of heat withdrawn above 545°C 
(Figure 6). This thermocline has a collection efficiency of 86.4% and a discharge efficiency of 75.5%. Overall 
efficiency is 65.2%, which is very close to the 64.2% of the 7.5h vessel.  
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Figure 6: Discharge, collection and storage efficiency depending on thermocline size 
Concluding, the two-tank TES system of a CSP plant is replaced with thermocline TES systems. Molten salt 
mass flow is unchanged and thermocline storage is subjected to the same molten salt mass flow rates of the two-tank 
system. When considering only molten salt at a temperature above 545°C as useful, optimal thermocline size is 
between 6h and 7.5h and the thermocline supplies 64-65% of molten salt at a temperature above 545°C. To 
compare, in a two-tank system 100% of the molten salt are steadily withdrawn at 550 °C.  
In brief, thermocline capital investment is about 33% lower than the two-tank one [2], but about 33% of molten 
salt withdrawn from the thermocline are below the nominal temperature of storing. 
3.4. Attempt to improve thermocline efficiency 
Tests are performed in order to study possible ways to improve the storage efficiency, always keeping the given 
plant management and molten salt mass flow rates. Three parameters can be investigated: 
x Molten salt type. 
x Molten salt and packed bed thermal conductivity. 
x Vessel shape factor: tank height versus tank diameter. 
 
Only the effect of shape factor is here reported.  
The volume of the vessel is fixed to 6170 m3, which corresponds to 7.5h Solar Salt thermocline. Storage 
performance is evaluated changing the shape factor of the vessel. As observed by other authors, tall and thin tanks 
show better thermal stratification and higher discharge efficiency [2] [5] [10]. This is because thermocline extension 
is assessed to be averagely 5-7 meters in all tanks; hence the relative portion of tank height occupied by the tank is 
little in tall tanks. 
Tall and thin tanks show an increase in both discharge and collection efficiency. However, it is found efficiency 
reaches a plateau for vessel taller than 30 meters (Figure 7). Stratification is not much improved for taller vessels, 
yet heat loss becomes more significant and discharge efficiency decreases. The 30-meters tank has a diameter of 
16.2 meters and shows 75.6% of discharge efficiency and 92.0% of collection efficiency; overall efficiency is 
69.5%, which is 8.3% (relative) higher than the studied 14 meters case. 
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Figure 7: Discharge, collection and overall efficiency versus tank height. 
As it is not possible to build 30 meter tall tanks, it is proposed to connect in series two thermocline tanks of 14 
meters, to attain a total height of 28 meters. This new configuration is quite attractive but further studies are 
required. As general remarks, the adoption of two tanks in series would increase the overall surface area (2350 m2 
vs. 1925 m2 for the single vessel case), with consequent penalties on heat losses. Moreover, costs of the two vessels 
would be higher because of the two foundations and the higher amount of steel and insulating materials required for 
the vessel. 
4. Conclusions 
Thermocline storages have a potential cost reduction of 33% compared to an equal sized state-of-art two-tank 
storage, however it suffers of lower performances. To deepen eventual penalties, the two-tank storage system of an 
existing CSP plant is replaced by a thermocline storage system. The management of the plant and the molten salt 
mass flow rates stored/withdrawn at the storage is optimized for the two-tank system and shows to be not optimized 
for thermocline storages. It is found that thermocline storage manages to supply only 64% of the stored heat at a 
temperature above 545°C, versus the 100% of the two-tank system.  
It is found that storage efficiency can be improved by changing the size of the vessel. A trade-off between the 
collection efficiency and discharge efficiency is discovered. Little tanks show a steep thermocline and high 
discharge efficiency; however, the storage is quickly fully charged and much energy is wasted, leading to low 
collection efficiency. Larger tanks have larger capacity and high collection efficiency, but the thermocline is more 
extended and discharge efficiency decreases. As a result, the optimal performance is identified for a thermocline 
sizing 14-meters tall and between 21.2 – 23.7 meters of diameter, which corresponds to a 6h – 7.5h storage. Still, the 
storage efficiency is about 33% less compared to the two-tank system. Finally, the effect of the vessel shape factor is 
analyzed. An increase in height gives advantages until the height of 30 meters because stratification is enhanced, 
then heat losses become more relevant. As such tall vessels are not feasible, it is suggested to connect in series two 
thermocline vessels of 14 meters each, to achieve a total height of 28 meters. This innovative configuration is quite 
attractive but further studies are required. 
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